Background: DHX9 is a DEXH box helicase that participates in many biological processes. Results: Loss of DHX9 in primary human fibroblasts results in premature senescence. This is accompanied by activation of the p53 pathway and a reduction in DNA replication. Conclusion: DHX9 plays an essential role in normal cell growth and cell cycle progression. Significance: These results demonstrate a novel role of DHX9 in DNA replication and offer insight into the biology of helicases.
One of the earliest observations made with respect to the culturing of normal somatic cells derived from human tissue is the fact that they do not propagate indefinitely but invariably enter a state of irreversible growth arrest after a limited number of cell divisions (1) . Hayflick and Moorhead (1) reported that primary human fibroblasts undergo a period of relatively rapid proliferation following establishment in culture, but cell division slowed with increasing time and eventually ceased altogether after an average of ϳ50 cumulative population doublings. This phenomenon, termed "cellular senescence," was subsequently attributed to the attrition of telomeres. With each round of DNA replication and cell division, the telomeres capping the ends of chromosomes become shortened due to the inability of DNA polymerase to fully synthesize the 3Ј ends of DNA (2, 3) . When the telomeres reach a critical length, a DNA damage response is triggered, leading to cell cycle arrest and inhibition of further replication (4) .
In addition to telomere-dependent senescence, termed "replicative senescence," various stimuli have been shown to cause primary cells to senesce long before they reach the end of their replicative life span. This "premature senescence" can be induced by DNA-damaging agents (5, 6) , oxidative stress (7) , persistent replication stress (8) , overexpression of oncogenes (9 -12) , and inactivation of certain tumor suppressors (13, 14) . Loss or mutation of genes involved in the maintenance of genomic stability, such as the WRN and BLM helicases, can also lead to early senescence (15) (16) (17) (18) . Premature senescence is of particular interest both in studies of the aging process and aging-related disorders and in cancer research as a potential chemotherapeutic strategy. Indeed, induction of senescence has been shown to be an important mechanism in eliciting an anti-tumor response (19 -22) .
Senescent cells exhibit several characteristics that can be used as identifiers of this biological phenomenon. The most prominent is a permanent, irreversible cell cycle arrest in the G 1 phase (23) . Senescent cells adopt a flattened, expanded, and irregular morphology, are often multinucleated, and may contain increased vacuolar structures (12, 24, 25) . A distinctive biomarker, one that can be used to distinguish senescent cells from quiescent or terminally differentiated cells, is the expression of senescence-associated ␤-galactosidase (SA ␤-gal) activ-ity (26) . In addition, senescence is accompanied by changes in the gene expression profile (27) ; in particular, activation of the p53 and p16-RB1 signaling pathways and changes in expression of cell cycle proteins have been observed (12, 28) .
DHX9 (also known as nuclear DNA helicase II and RNA helicase A) is a DEXH box helicase that exhibits both RNA and DNA helicase activity (29) , as well as triple helical DNA unwinding activity (30) . It was originally isolated from bovine tissue (31) and consists of two RNA-binding domains at the N terminus, a core helicase region consisting of seven conserved helicase motifs, and a DNA-binding domain and nuclear localization signal at the C terminus (32) . DHX9 is a multifunctional protein that has been implicated in several biological processes, including regulation of transcription (33) (34) (35) , translation (36, 37) , RNA transport (38) , miRNA processing (39) , and genome maintenance processes (30, 40, 41) . Its interacting partners include the transcriptional coactivator cAMP-response element-binding protein-binding protein, EGF receptor, the tumor suppressor BRCA1, and RNA polymerase II (33) (34) (35) . It has also been found to be associated with the Ku protein complex, a component of DNA-PK that plays a role in nonhomologous end-joining-mediated DNA repair (42) .
We previously conducted an shRNA screen in search of modifiers of sensitivity to ABT-737 (an inhibitor of BCL-2 family pro-survival factors) in Arf Ϫ/Ϫ E-Myc/Bcl-2 lymphoma cells, and we found that DHX9 suppression was synthetic lethal with ABT-737 (43) . Subsequent experiments showed that ABT-737 sensitization caused by DHX9 suppression was due to the activation of a p53-dependent apoptotic program (43) . To further characterize DHX9, we investigated its role in primary human diploid fibroblast cell lines and find that its suppression leads to pronounced p53-dependent growth arrest and premature senescence. Chromatin immunoprecipitation (ChIP) assays and analysis of nascent DNA production revealed that DHX9 is located at origins of replication and that DNA replication is inhibited upon DHX9 knockdown. Our results are consistent with a role of DHX9 in DNA replication and suggest that its suppression leads to senescence in primary human diploid fibroblast cells brought on by an inhibition of replication.
MATERIALS AND METHODS
Cell Lines, Cell Culture, and Plasmids-All cell lines used in this study were maintained in DMEM supplemented with 10% fetal bovine serum (Multicell). HEK293T/17 cells were obtained from ATCC. MRC-5 fibroblast cells were kindly provided by Dr. Nahum Sonenberg (McGill University, Canada). The MRC-5 cells were used between 10 and 30 population doubling levels and were routinely subcultured 1:4 every 3 days; each passage was considered two population doubling levels.
Two shRNAs targeting human DHX9 (DHX9.860 and DHX9.267) and a control shRNA targeting firefly luciferase (FLuc.1309) were transduced into cells using pPrime-PGK-Puro (Addgene), a 2nd generation lentiviral vector. An shRNA targeting human p53, pLVUH-shp53, was obtained from Addgene and has been described previously (44) . The shRNA to human retinoblastoma (RB1), MLP-shRB1, was obtained from Dr. Scott Lowe (Memorial Sloan-Kettering Cancer Center, New York) (45) , and subcloned into pPrime-GFP. The retrovi-ral vector pBabepuro-hRas V12, used to express a constitutively active form of hRas, was obtained from Addgene. Lentiviral transduction was performed following published procedures (46) . Briefly, 15 g of pPrime-PGK-Puro-shRNA, 7.5 g of packaging plasmid pSPAX2, and 3.75 g of envelope-encoding vector, CMV-VSVG, were mixed and transfected into HEK293T/17 cells in a 10-cm dish by calcium phosphate-mediated delivery. The media were changed 12 h later, and 48 h post-transfection, lentiviral supernatant was collected every 8 h up to 72 h and added to target cells. Forty eight hours after the final transduction, stable integrants were selected using 2 g/ml puromycin for at least 3 days. For transduction of retroviral vectors (e.g. pBabepuro-hRas V12) into human cells, the same procedure as lentiviral transduction was followed, except that the packaging plasmid pUMVC was used instead of pSPAX2.
shRNA Sequences-The FLuc.1309, DHX9.860, and DHX9.267 shRNAs were cloned into the miR30 backbone of pPrime-PGK-Puro via unique XhoI and EcoRI restriction sites (47) . The guide strand sequences of the shRNAs used in this study are as follows: FLuc.1309, 5ЈTTAATCAGAGACTTCAGGCGGT3Ј; DHX9.267, 5ЈCCAGGCAGAAATTCATGTGTG3Ј; DHX9.860, 5ЈACACGAGAACATGGATCAAAT3Ј, RB1.698, 5ЈCGCAGT-TCGATATCTACTGAA3Ј; and hp53.908, 5ЈAGTAGATTA-CCACTGGAGTCTT3Ј.
Growth Curves-Five days following lentiviral transduction of shRNAs, cells were plated into 18 T25 flasks at an initial concentration of 100,000 cells per flask. Each subsequent day, cells from three individual T25 flasks were trypsinized, resuspended in Isoton, and counted using a Coulter Counter (Beckman). This procedure was performed for 6 consecutive days at which point cells began to approach confluency.
Cell Cycle Analysis-Cell cycle analysis was performed using ethanol fixation, acid denaturation, and propidium iodide staining (48) at days 6 and 14 after transduction with the shRNAs. Cells were seeded onto 6-cm plates and harvested at 75% confluency. The cells were trypsinized and washed twice with PBS containing 1% BSA and 5 mM EDTA, resuspended in 300 l of PBS on ice, fixed with 1 ml of 70% ethanol, and stored at Ϫ20°C until further processing. The fixed cells were then treated with 0.5% Triton X-100, 2 N HCl for 30 min with endover-end incubation at room temperature to denature genomic DNA. Cells were neutralized with 0.1 M sodium borate (pH 8.5), washed with PBS containing 1% BSA and 0.5% Triton X-100, and resuspended in 500 l of PBS containing 5 g/ml propidium (Sigma). The cell cycle profile of the cells was then assessed using a GUAVA EasyCyte HT flow cytometer (Millipore).
Senescence-associated ␤-Galactosidase Assay-Senescenceassociated ␤-galactosidase (SA-␤-gal) 3 activity was detected as described previously (26) , with slight modifications. Following lentiviral transduction, cells were plated onto 6-well plates, and the assay was performed 6 and 14 days post-transduction. Cells were fixed with 0.5% glutaraldehyde in PBS for 15 min at room temperature, washed with PBS, and then washed twice with PBS supplemented with 1 mM MgCl 2 . The cells were stained with X-Gal solution (1 mg/ml X-Gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 ⅐H 2 O in PBS) for 8 h at 37°C, washed three times in PBS, and fixed with 100% methanol for 5 min at room temperature. Bright field color images were taken with a Zeiss Axio-Imager Z2 microscope and an AxiocamMRc camera. Experiments were performed three times, counting 1000 cells from at least five independent fields. Phase images were taken with a Zeiss Observer A1 microscope and an AxiocamMRm camera.
Immunoblot Analysis-Protein extracts were prepared in RIPA lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM ␤-glycerophosphate, 1 mM PMSF, 1 g/ml leupeptin, 10 g/ml aprotinin, and 2.5 M pepstatin A) at 4 and 8 days post-transduction. PVDF membranes were probed with the indicated primary antibodies and HRP-conjugated secondary antibodies (rabbit (711-035-152) or mouse (115-035-146) (Jackson Immu-noResearch)) and visualized using enhanced chemiluminescence (ECL) (PerkinElmer Life Sciences). The following primary antibodies were used in this study: DHX9 (M99; SC Biotech); eEF2 (2332; Cell Signaling); RB1 (554136; Pharmingen); human p53 (DO-1; SC Biotech); p21 (556430; Pharmingen); p16 (DCS-50; SC Biotech); ␣-actin (clone AC-15; Sigma); phospho-ATR p-S428 (2853; Cell Signaling); ATR (N-19; Santa Cruz Biotechnology); phospho-CHK1 pS345 (2341; Cell Signaling); CHK1 (DCS-310; SC Biotech); p53 pS15 (9284; Cell Signaling); Myc tag (9E10, McGill Hybridoma Core Facility); ␥H2A.X (clone JWB301; Millipore); ORC2 (3G6, SC Biotech); Ku86 (H-300, SC Biotech), and NFB (c-20, SC Biotech). Quantification of Western blot band intensities was carried out using the ImageJ software (National Institutes of Health).
DHX9 cDNA Rescue-Murine stem cell virus (MSCV)-based expression of the wild-type and mutant human DHX9 cDNAs (49) was performed by subcloning the DHX9 cDNA preceded by an N-terminal Myc tag into the BglII/EcoRI sites of MSCV/ Puro R , generating MSCV-Myc-hDHX9-Puro R (43) . To allow expression in human cells without being targeted by the human DHX9 shRNAs, the wobble positions of seven amino acid codons within the shDHX.267 target site were mutated [5ЈAACAGGCAGAAATTCATGTGTGAG3Ј changed to 5ЈAATAGACAAAAGTTTATGTGCGAA3Ј]. To enable efficient transduction of the retroviral constructs in human cells, MRC-5 cells were first infected with a lentiviral plasmid expressing the ecotropic retroviral receptor, HAGE-EcoR (kindly provided by Dr. Scott Lowe (Memorial Sloan-Kettering Cancer Center, New York), using the lentiviral transduction procedure described above and selected using puromycin. The EcoR-expressing MRC-5 cells were then transduced with the DHX9-expressing constructs using the Phoenix Ecotropic packaging cell line via calcium phosphate-mediated delivery, and expression was determined by Western blot. To assay for the ability of the DHX9 cDNAs to rescue the senescent phenotype caused by DHX9 knockdown, the DHX9.267 shRNA was first subcloned into a neomycin-expressing variant of the pPrime vector (pPrime-CMV-Neo, Addgene), infected into cDNA-expressing MRC-5 cells, and selected using G418 (Bioshop, Ontario, CA). Cells were assayed for SA-␤-gal expression 14 days after infection of the DHX9.267 (or the control FLuc.1309) shRNAs, as described above.
Microarray Analysis and Validation-Total RNA from MRC-5 cells was extracted using TRIzol as per the manufacturer's instructions (Invitrogen) 5 days after infection with shRNAs targeting DHX9 (DHX9.860 and DHX9.267) or FLuc.1309. Extracts from three biological replicates were submitted to the McGill University and Génome Québec Innovation Center's microarray facility. RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies), and the cDNA was generated and hybridized onto the Affymetrix Human Gene 2.0 ST Array. Custom chip definition file definitions were used for data extraction (50) because of their superior performance compared with standard chip definition files (51) , and data were normalized using robust multichip averaging in R using the "rma" function from the "affy" package with default settings (R Ͻ3.0). Identifiers that showed no variance were removed. We identified differentially expressed genes using a two-tailed t test that incorporates variance shrinkage (52) and adjusted the resulting p values using the Benjamini-Hochberg false discovery rate method (53) . Genes were designated as differentially expressed if they showed an FDR of Ͻ0.05 and an absolute fold-change of Ͼ1.5. For heatmaps (generated by the heatmap.2 function in the "gplots" bioconductor package) of genes, a per gene normalization was performed. A set of p53 target genes was collected as described previously (43) , and their fold-changes (for each shRNA separately) were compared with those of all genes (after excluding the p53 set) using the "density" function in R with a fixed common "bw" parameter. Enrichment of biological processes (as defined by the Gene Ontology Consortium) at the extreme ends of gene lists ordered by signed (up ϩ or down Ϫ) Ϫlog 10 (p values) derived from the comparison of each DHX9 shRNA to control separately was performed using GAGE (54) . The esset.grp function was used to remove redundant biological processes (e.g. those that are enriched by a common set of genes), and those with an FDR of Ͻ0.001 were considered significant. For the comparison with data sets of replicative senescence (27) , normalized data were downloaded from the Stanford Microarray Database. Only nonflagged genes were considered. For each cell type (BJ, WI38, or WS1) the mean log 2 fold-change (senescent versus early passage) was calculated. Mean fold-changes for genes that were differentially expressed by either of the DHX9 shRNAs and were represented in the data for each of the cell lines (separately) were collected and plotted. Fisher's exact test (in R) was used to assess if there were more genes showing concordant regulation than expected by chance.
The following qRT-PCR primers (all against human targets) were used for validation: p53 FWD, 5ЈCAGCACATGA-CGGAGGTTGT3Ј; p53 REV, 5ЈTCATCCAAATACTCC-ACACGC3Ј; p21 FWD, 5ЈCGATGGAACTTCGACTTT-GTCA3Ј; p21 REV, 5ЈGCACAAGGGTACAAGACAGTG3Ј; DHX9 FWD, 5ЈCAGGAGAGAGAGTTACTGCCT3Ј; DHX9 REV, 5ЈCTCTGCTGCTCGGTCATTCTG3Ј; GAPDH FWD, 5ЈGAAGGTGAAGGTCGGAGTC3Ј; and GAPDH REV, 5ЈGAAGATGGTGATGGGATTC3Ј (where FWD is forward and REV is reverse).
Genomic and Nascent DNA Isolation and Quantitation-Genomic DNA was isolated using the GenElute mammalian genomic DNA miniprep kit (Sigma), as per the manufacturer's instructions. Nascent DNA was prepared 6 days after transduction with the FLuc.1309 or DHX9 shRNAs, using the -exonuclease method, as described previously (55), with the following modifications. The -exonuclease-digested samples were heated at 100°C for 3 min and then immediately subjected to electrophoresis on a 2% agarose gel. DNA was visualized by staining with 0.02% (w/v) methylene blue (Sigma), and the origin-containing nascent DNA, ranging between 350 and 1000 bp in size, was excised from the gel, purified using the Sephaglas BandPrep kit (GE Healthcare), as per the manufacturer's instructions, and resuspended in TE. Real time PCR quantification analysis was performed using the Bio-Rad CFX96 instrument, as described previously (43) . The sequences and amplification conditions for all primer sets are shown in Table 1 . Genomic DNA from MRC-5 cells was used to generate the standard curves needed for quantification of all the PCR products. A negative control without template DNA was included with each set of reactions. PCR products were also resolved on 2% agarose gels, visualized with ethidium bromide, and photographed with an Eagle Eye apparatus (Speed Light/BT Sciencetech-LT1000).
Chromatin Immunoprecipitation (ChIP) Assays-Cells cultured in complete media were washed with pre-warmed PBS and treated with 1% formaldehyde for 10 min to cross-link proteins and DNA in vivo (56) . They were then washed and scraped into ice-cold PBS and resuspended in lysis buffer (50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1% Triton X-100, 2 mM EDTA) supplemented with a complete protease inhibitor tablet (Roche Applied Science). Following passage through a 21gauge needle three times, the nuclei were harvested, resuspended in one packed nuclear volume of lysis buffer, and sonicated until DNA fragments of less than 1 kb were obtained. Chromatin size was monitored by electrophoresis. For cell counting, one untreated plate was scraped into PBS and resuspended. The cells were then counted with a hematocytometer, and this number was used to determine the total number of treated cells. The protein concentration of the extracts was determined using the Bradford protein assay (Bio-Rad). IPs were carried out, as described previously (56), with the following modifications: sheared chromatin lysates (500 g) were pre-cleared by incubation with 50 l of protein G-agarose (Roche Applied Science) followed by incubation for 6 h with either 20 g of antibody against ORC2 (3G6, SC Biotech), Ku86 (H-300, SC Biotech), DHX9 (B-5, SC Biotech), NFB (C-20, SC Biotech), or normal goat serum (NGS) at 4°C with constant rotation. Protein G-agarose (50 l) was added and incubated overnight at 4°C. The pelleted beads were washed successively twice with 1 ml of lysis buffer for 15 min each at 4°C, followed by 1 ml of WB1 (50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.1% Nonidet P-40, 0.05% sodium deoxycholate, complete protease inhibitor tablet), 1 ml of WB2 (50 mM Tris-HCl (pH 7.5), 0.1% Nonidet P-40, 0.05% sodium deoxycholate, complete protease inhibitor tablet), and 1 ml of sterile TE. The beads were resuspended in 200 l of TE, 1% SDS, incubated at room temperature for 15 min, and centrifuged at 3000 rpm for 1 min at room temperature. Half of the supernatant was then incubated overnight at 65°C to reverse the cross-links, followed by digestion with 100 g of proteinase K at 55°C for 2 h. The DNA was purified using the QIAquick PCR purification kit (Qiagen) and eluted in 100 l of TE. The remaining half of the supernatant was boiled for 10 min in SDS-PAGE loading buffer and subjected to SDS-PAGE for Western blot analysis. For ChIP analysis of Myc-tagged DHX9 mutants, MRC-5 HAGE-EcoR cells were first transduced with an MSCVpuro-Myc construct expressing either the WT DHX9 cDNA or the K417N, D511A/ E512A, or ⌬RBDIϩII mutants, and the same procedure as above was followed except that the Myc antibody (9E10, SC-Biotech) was used in place of the DHX9 antibody.
RESULTS

Loss of DHX9 Results in Morphological
Changes, Senescenceassociated ␤-Galactosidase Activity, and Growth Arrest in Primary Human Cells-We have previously shown that suppression of DHX9 acts in concert with elevated MYC expression to enhance ABT-737 sensitivity (43) . During the course of these experiments, we noted that suppression of DHX9 in NIH3T3 cells resulted in a dramatic reduction in growth rates (see Fig.  5A in Ref. 43 ). To assess whether this phenomenon extended to nontransformed cells, we sought to investigate the consequences of DHX9 suppression in MRC-5 cells, a primary human diploid lung fibroblast line. Reduction in DHX9 levels . The morphological changes and SA-␤-gal expression required time to manifest, as the differences were only apparent at day 14 post-infection but not at day 6 post-infection ( Fig. 1, A,  B , and D). These results were not restricted to MRC-5 cells and extended to IMR-90, another primary human diploid fibroblast cell line ( Fig. 1E ). Measurements of the growth rates of DHX9depleted MRC-5 cells indicated these to be at least 2-fold lower than control cells and similar to hRAS V12-expressing cells ( Fig. 2A ). Cell cycle analyses showed an increase in the percentage of cells in the G 0 /G 1 phase and a decrease in the percentage of cells in the S and G 2 phases 14 days after infection of DHX9 shRNAs (Fig. 2B ). Taken together, these results demonstrate that suppression of DHX9 causes premature senescence in MRC-5 cells. (Fig. 3) . Hyperphosphorylated RB1 levels were markedly decreased, indicating RB1 activation (Fig. 3, A and C) . Hypophosphorylated RB1 levels were slightly increased, although the increase did not appear to com- pensate for the levels of the decreased hyperphosphorylated form; this may be due to increased RB1 degradation or due to the fact that the RB1 antibody may not bind to phosphorylated and nonphosphorylated RB1 with equal efficiency. Elevated levels of p53 and p21 are a common feature of cellular senescence, and we observed a moderate increase in p53 levels and a substantial increase in p21 in shDHX9-transduced cells compared with control cells, both at 4 and 8 days post-infection (Fig.  3, B and C) . Activation of p53, p21, and RB1 is consistent with previous data showing that these proteins are up-regulated during senescence induced by Ras expression or etoposide treatment (12, 57) . However, contrary to what is observed with etoposide and Ras-induced senescence, p16 levels are not elevated upon DHX9 knockdown (12, 58) . In addition, we examined markers of DNA damage and replicative stress, phospho-H2A.X (Ser-139), 53BP1, and phospho-CHK1 (Ser-345), respectively. Although these markers show an increase in the case of etoposide-induced senescence, no change was detected in their levels upon loss of DHX9 ( Fig. 3 and data not shown). ATR, another marker of DNA damage and replicative stress, is activated in many forms of senescence (59), but no activation was observed under our tested conditions. Our results indicate that the p53 and RB1 pathways are involved in DHX9-induced senescence; however, the precise mechanism of action differs from that of etoposide and Ras-induced senescence, and it appears not to involve an increase in DNA damage.
p53 Is Essential for DHX9-induced Senescence-Based on our observation that the p53 and RB1 pathways are activated upon DHX9-induced senescence, we sought to determine whether induction of p53 and/or RB1 was essential to this process. To accomplish this, we first transduced MRC-5 cells with shRNAs targeting p53 or RB1 and then examined the effect of DHX9 suppression in these cells. Loss of RB1 had no effect on the increase in SA-␤-gal staining or growth inhibition exhibited upon DHX9 suppression, compared with the vector control (Fig. 4, A and B) . In contrast, loss of p53 completely abolished the SA-␤-gal staining and rescued the growth defect in DHX9 knockdown cells (Fig. 4, A and B) . In addition, loss of p53 eradicates the p21 and RB1 responses in the DHX9 knockdown cells, compared with the vector control (Fig. 4C ). This demonstrates that p53 is essential for DHX9-induced senescence and that RB1, although not essential for the senescence, acts downstream of the p53 signaling pathway, along with p21.
DHX9 Suppression Is Associated with a Senescence Signature-To further characterize the cellular response to reduced DHX9 expression, we quantified genome-wide steady state mRNA levels. To this end, DHX9 was suppressed using shDHX9.860 and shDHX9.267, and triplicate samples were analyzed for global gene expression changes. A comparison of the data between cells transduced with virus expressing either of the DHX9 shRNAs identified 1535 genes as differentially expressed (compared with shFLuc.1309 control cells) under at least one condition (fold-change of Ͼ1.5 and FDR of Ͻ0.05; supplemental Table S1 ). The two DHX9 shRNAs affected expression of an overlapping set of genes (Fig. 5A ), and only one differentially expressed gene showed disconcordant regulation (as judged by fold-change) between shDHX9.860-and shDHX9.267-transduced cells (LOC100996637 (mucin-19like)) ( Fig. 5B ). This is consistent with the vast majority of observed changes in gene expression being related to DHX9 suppression and not off-target effects (Fig. 5A ). To examine whether reduced DHX9 expression resulted in activation of a p53 transcriptional program at a genome-wide level, we collected a set of p53 target genes and studied their expression following reduced DHX9 expression. Consistent with activation of a p53 transcriptional program, p53 targets were induced as compared with all genes in the cell (Fig. 5C ). This response was broad and included most selected genes with the exception of PLK1, whose expression was reduced (Fig. 5D ). To further characterize the genes that are affected by DHX9 expression, we searched for enrichment of genes annotated to shared biological processes among genes that were up-or down-regulated following transduction with DHX9 shRNAs. The analysis identified 46 nonredundant biological processes (FDR of Ͻ0.001), the majority enriched among genes that were down-regulated ( Fig. 5E ). Such processes included several related to DNA replication and cell cycle progression (supplemental Table S1 ) consistent with the observed senescent phenotype.
To directly test whether the observed expression pattern overlaps with that of senescent cells, we compared the DHX9 expression signature to those obtained previously from fibroblasts undergoing replicative senescence (27) . Indeed, there was a strong overlap between the signatures as judged by the number of genes showing concordant regulation across the comparisons, compared with what would be expected by chance ( Fig. 5F ; all Fisher test p values Ͻe-20). Thus, expression profiling supports the notion that reduced DHX9 expression induces a premature cellular senescence program that closely resembles replicative senescence.
In contrast to the observed activation of a p53 gene expression program (Fig. 5, C and D) , the microarray data indicated that p53 transcript levels were not elevated, despite the fact that we observed a moderate increase in p53 protein levels in DHX9 knockdown cells (Figs. 3, A and C, and 6A) . Indeed, qRT-PCR analysis indicated no significant difference in p53 levels, although p21 levels were induced 3-5-fold upon DHX9 suppression (Fig. 6B) . These results suggest that the increase in p53 protein observed upon DHX9 suppression in MRC cells is a post-transcriptional response that in turn activates the senescence program (see under "Discussion").
Structure/Function Analysis of DHX9 in the Senescence Response-As DHX9 is a multidomain, multifunctional protein, we wished to elucidate which function of DHX9 might be involved in its role in senescence. To this end, we used a series of DHX9 mutants in which various activities were targeted. Three of these, K417N, D511A/E512A, and S543L, are point mutants in the core helicase region targeting domains I, II, and III, respectively (Fig. 7A ). We also used mutants with deletions in the RNA-binding domain I (⌬RBDI) or in both RNA-binding domains (⌬RBDIϩII) (Fig. 7A ). To ensure that the cDNA constructs were not targeted by the DHX9 shRNAs, the wobble amino acid positions in the region targeted by the DHX9.267 shRNA were altered (see "Materials and Methods"). The DHX9 cDNAs were expressed in MRC-5 cells to similar levels, with the exception of the ⌬RBDI mutant, which consistently showed significantly high expression levels (Fig. 7B ). Whereas 63% of cells transduced with the empty vector control, MSCV cells, in combination with the DHX9.267 shRNA-exhibited ␤-galactosidase staining, transduced with the WT DHX9 cDNA effectively rescued the senescent phenotype, reducing the staining to 20% (Fig. 7, C and D) . However, none of the mutants were able to rescue the senescent phenotype, suggesting that helicase and the two RNA-binding domains are essential to DHX9's role in premature senescence (Fig. 7, C and D) .
Loss of DHX9 Induces Senescence through Inhibition of DNA Replication-Our expression profile analysis uncovered that many genes involved in DNA replication are down-regulated upon loss of DHX9. We wished to further investigate whether DHX9 might play a role in DNA replication. We examined whether DHX9 suppression affected the synthesis of new ("nascent") DNA at specific origins of replication. Nascent DNA abundance was quantitated at three known origins in MRC-5 cells as follows: LB2P (located at the Lamin B2 locus), Myc11 (c-Myc locus), and hORS8P (hORS8 locus). Within the vicinity of these loci, there are also negative control regions that do not contain an origin (e.g. LB2C1, Myc1, and hORS8C) (60). Because we were interested in newly synthesized DNA levels, we first verified that total genomic DNA levels were unchanged upon DHX9 knockdown at the origins of replication (Fig. 8A) . Loss of DHX9 resulted in a 3-6-fold decrease in the abundance of nascent DNA at all three origins, compared with the shFLuc.1309 controls (Fig. 8B) . The regions containing no origins (LB2C1, Myc1, and hORS8C) showed background levels of nascent DNA. To determine whether DHX9 was present at the aforementioned origins of replication, chromatin IP (ChIP) was performed in MRC-5 cells using a DHX9 antibody, and the associated DNA abundance was determined by quantitative PCR using primers directed against each origin region. As controls, the ChIP was performed using antibodies against ORC2 and Ku86 (known to associate with origins) (60) and NFB (previously shown not to associate with origins) (Fig. 8, C and  D) (61) . Our results show that the positive controls, ORC2 and Ku86, pulled down significant levels of LB2P, Myc11, and hORS8P DNA, whereas the same regions were not significantly enriched from NGS-treated samples. DNA from non-origincontaining sites (LB2C1, Myc1, and hORS8C) was also not enriched in DHX9 IPs. The DHX9 ChIP showed a DNA abundance that was intermediate between that of the positive and neg-ative controls for all three origins of replication (Fig. 8D) , indicating that DHX9 is associated with the origins of replication, but possibly that the association may not be as stable as it is for ORC2 or Ku86. Taken together, our results illustrate that loss of DHX9 is accompanied by a pronounced reduction in DNA replication, suggesting that DHX9 plays a role in this process.
Although the above results implicate a role for DHX9 in DNA replication, it is important to note that senescent cells may exhibit reduced levels of nascent DNA synthesis irrespective of the agent causing the senescence. To establish that DHX9 plays a direct role in DNA replication, we chose to assess levels of nascent DNA synthesis in MRC-5 cells transduced with a p53 shRNA in combination with a control (FLuc.1309) or DHX9 shRNAs. In these cells, the senescent phenotype is completely rescued by knockdown of p53 (Fig. 4) ; therefore, any effect on DNA replication would be independent of the senescence phenotype. We observed that loss of DHX9 results in a 2-4-fold decrease in the abundance of nascent DNA at the LB2P, Myc11, and hORS8P origins (Fig. 9B ). This demonstrates that the inhibition of DNA replication occurs even in the absence of senescence and must therefore occur before the growth arrest and senescence phenotype.
Given that the helicase and RNA-binding domains of DHX9 appeared to be essential for its role in inducing senescence, we examined whether these mutations had any effect on the ability of DHX9 to bind to origins. ChIP was performed in MRC-5 cells expressing the WT DHX9 cDNA or the K417N, D511A/E512A, and ⌬RBDIϩII mutants. PCR analysis of the abundance of LB2P, Myc11, and hORS8P DNA showed that none of the mutants affected the binding of DHX9 to any of these origins (Fig. 10, B-D) , suggesting that these domains are not involved in binding to origins of replication.
DISCUSSION
In this study, we show that loss of DHX9 results in premature senescence in primary human fibroblasts. This is characterized by distinctive morphological changes, elevated levels of SA-␤gal, and a pronounced growth arrest and is supported by a gene expression signature comparable with that of replicative senescence. Increased p53, p21, and RB1 activity was noted with p53 being essential for DHX9-induced senescence. We found DHX9 to be associated with origins of replication and demonstrated that levels of newly replicated DNA were significantly lower at various replication origins in DHX9-suppressed cells.
The stimuli for premature senescence are many and varied; however, a common feature is activation of either the p53 and/or p16-RB1 signaling pathways. Both p53 and RB1 are tumor suppressors that respond to various cellular signals such as DNA damage or oncogenic stimuli (62) . Activation of p53 or RB1 leads to inhibition of downstream proliferative genes. Here, we showed that p53 and p21 protein levels increased upon DHX9 knockdown and that RB1 was activated. However, no increase in p16 levels was detected. Knocking down p53 rescued the senescent phenotype caused by DHX9 suppression, whereas suppression of RB1 had no effect, indicating that p53, but not RB1, is essential for this process. In the p16-RB1 pathway, p16 inhibits cyclin-dependent kinases (CDKs) such as cyclin D1, CDK4, and CDK6, which in turn maintain RB1 in its phosphorylated (inactive) form. Hence, an increase in p16 levels would result in a shift from the hyper-to the hypophosphorylated (active) form of RB1. Because of cross-talk between the p53 and RB1 pathways, RB1 can also be activated by increased levels of p21, which also inhibit CDKs independently of p16 (63) . Our data suggest that the latter situation is occurring in DHX9-induced senescence; activated p53 transcriptionally activates p21, which inhibits CDKs, leading to activation of RB1. This is supported by the fact that knocking down p53 abolishes RB1 activation. Loss of RB1 does not prevent senescence because p21 alone is sufficient to lead to cell arrest independently of RB1.
Our microarray analysis identified many genes involved in mitosis, cell cycle progression, and DNA replication, which were down-regulated upon loss of DHX9, as well as activation of a p53 transcriptional program. This is consistent with our data showing growth arrest and p53/p21 activation (Figs. 1-3) . Previously, our laboratory had performed expression profiling in Arf Ϫ/Ϫ E-Myc lymphoma cells, where activation of p53 transcriptional targets upon DHX9 suppression was likewise observed (43) . However, it should be noted that there is otherwise very little overlap between the expression profiles obtained upon suppression of DHX9 in MRC-5 cells compared with the Arf Ϫ/Ϫ E-Myc lymphomas. For instance, down-regulation of genes involved in replication, mitosis, and cell cycle progression were not observed in the lymphoma setting. This is not surprising, given that loss of DHX9 elicits an apoptotic response in Arf Ϫ/Ϫ E-Myc lymphomas, which could be attributed to elevated levels of Myc (a strong promoter of both apoptosis and DNA replication) in these cells (43) . Indeed, overexpression of Myc in NIH3T3 fibroblasts can overcome the growth arrest, which suppressing DHX9 would otherwise cause (43) . This indicates that induction of senescence is highly dependent on the particular biological wiring of the cell type in question, a notion supported by previous studies (64) .
Based on our observation that many factors involved in DNA replication were found to be down-regulated in the microarray expression data, we explored this avenue as a potential mechanism through which loss of DHX9 may be inducing senescence. We found DHX9 to be present at origins of replication and that production of nascent DNA is inhibited at various well charac-terized replication origins upon DHX9 knockdown (Fig. 8) . The ChIP results demonstrate that DHX9 is not as strongly associated with the origins of replication as Ku86 or ORC2, suggesting that DHX9 may not be directly associated with the origins or may be bound to the origins only a fraction of the time. This is perhaps consistent with its function as a helicase where DHX9 might be transiently present at a given location. Indeed, the structure-function analysis of DHX9 shows that both its helicase activity and RNA-binding functions are essential in this process (Fig. 7) .
Although the above data suggest a role for DHX9 in DNA replication, the question remained as to whether the observed replication inhibition is a direct or indirect consequence of DHX9 suppression, because growth-arrested and senescent cells in general will exhibit reduced rates of DNA replication. We believed that DHX9 suppression was directly responsible for the inhibition of replication based on the fact that both the microarray and nascent DNA quantification experiments were performed at a time point where the shDHX9-transduced cells were pre-senescent (5-6 days post-transduction). Here, the DHX9 knockdown cells did not exhibit significant differences in morphology and SA-␤-gal staining compared with the control cells (Fig. 1, A, B , and D, day 6 P.I.). Furthermore, the cell cycle distribution of DHX9-suppressed cells at this time point is similar to that of the shFLuc.1309 control, indicating that the cells are not yet growth-arrested ( Fig. 2B, day 6 P.I.) . To confirm that DHX9 knockdown directly affects DNA replication, we examined nascent DNA synthesis at various well characterized origins in a cell line that is resistant to DHX9-induced senescence. MRC-5 cells expressing the p53 shRNA showed a significant decrease in nascent DNA production upon DHX9 knockdown, despite exhibiting no significant growth defects or markers of senescence ( Figs. 9 and 4 ). This implies that the blockage in replication occurs upstream of the p53 pathway and is likely a cause of the growth arrest and senescent phenotype when p53 is present. We have also previously observed inhibition of DNA replication in the absence of senescence in NIH3T3 cells overexpressing Myc (Figs. 5A and 6F) (43) . In both the p53-knockdown and Myc-overexpression scenarios, cell cycle progression is allowed to occur in the presence of replication stress either due to the absence of a checkpoint control (p53) or the presence of a strong promoter of proliferation (Myc). Taken together, our results indicate that the observed down-regulation in genes associated with DNA replication and cell cycle progression, and the reduction in nascent DNA synthesis, is an effect of DHX9 suppression rather than an indirect consequence of the senescence itself.
To gain additional mechanistic insight into the role of DHX9 in DNA replication, we assessed the ability of some DHX9 mutants to bind to origins of replication. Despite being essential to the role of DHX9 in senescence, the helicase and RNAbinding mutants had no effect on the binding of DHX9 to the three origins tested. This suggests that these domains are not involved in the binding of DHX9 to the DNA but may have other functions at the origins. Further experiments would need to be performed to determine the specific role of DHX9 in DNA replication. It may be required to aid in the opening of the origins, to resolve tertiary structures at the origins, or to clear transcripts from the origins (because the ones studied herein occur near promoter regions).
Because p53 signaling is activated by a myriad of signals, we also investigated other possible mechanisms through which DHX9 may be inducing senescence. One possibility would be through infliction of DNA damage. We examined markers of DNA damage, phospho-H2A.X (Ser-139), and 53BP1, and we failed to detect an increase in levels of these proteins upon DHX9 suppression ( Fig. 3B and data not shown) . In addition, no increase was detected in markers of replicative stress, such as ATR and phospho-Chk1 (Ser-345) (Fig. 3) . Thus, it is likely that DHX9-mediated senescence is caused by a blockage in replication rather than DNA damage.
The link between replication inhibition, p53 activation, and cell cycle arrest has been previously documented. In a study by Taylor et al. (65) , inhibition of DNA synthesis using hydroxyurea or aphidicolin led to increased levels of p53 and p21 and resulted in inhibition of entry into mitosis. Machida et al. (66) demonstrated that low levels of replication initiator proteins caused cells to arrest in the G 1 phase. Furthermore, p21 has been found to associate with proliferating cell nuclear antigen, a DNA replication factor (67) . Based on our data, we propose the following model: under normal cellular conditions, DHX9, in concert with other origin-interacting proteins such as origin recognition complexes and replication factors, facili-tates proper assembly of the pre-replicative complex at origins of replication, leading to DNA replication (Fig. 11 ). In the absence of DHX9, DNA replication is inhibited, possibly due to the inability of the pre-replicative complex to form. This activates a p53-dependent stress response, leading to transcriptional activation of p21, which inhibits CDKs (Fig. 11 ). Because CDKs normally inactivate RB1, the result is a shift from the inactive to active form of RB1, which suppresses the E2F family of transcription factors and prevents transcription of genes involved in cell proliferation. In addition, p21 may also lead to cell cycle arrest and senescence independently of RB1. This may involve direct suppression of DNA replication factors or inhibition of E2F-independent cell cycle progression or mitotic proteins.
Inhibition of cell cycle progression upon low levels of replication is an important mechanism in protecting cells from aberrant DNA replication and genomic instability. Our find- FIGURE 10 . Binding of DHX9 to origins is not dependent on its helicase or RNA-binding domains. A, Western blot analysis of the ChIP performed with the indicated proteins. MRC-5 cells were transduced with a Myc-tagged construct expressing either the WT DHX9 cDNA or the K417N, D511A/E512A, or ⌬RBDIϩII mutants. Following ChIP, an aliquot of the IP was fractionated by SDS-PAGE, transferred to Immobilon-P, and probed with antibodies to the indicated proteins. B-D, quantification by qPCR of immunoprecipitated DNA abundance (nanograms) at the Lamin B2 (B), c-Myc (C), or hORS8 (D) chromosomal loci in MRC-5 cells expressing either the WT DHX9 cDNA or the K417N, D511A/E512A, or ⌬RBDIϩII mutants. Chromatin IP was performed with antibodies directed against ORC2 (red bars), Myc (green bars), and NFB (gray bars). NGS (purple bars) was used as a negative control. Error bars represent S.D.; n ϭ 3.
ings support previous data implicating DHX9 in DNA replication and maintenance of genomic stability. DHX9 has been found to be associated with components of the DNA replication machinery (e.g. BRCA1, proliferating cell nuclear antigen, and TOP2A) (68) . It stimulates the unwinding of Okazaki fragmentlike DNA:RNA hybrids in vitro by WRN, a RecQ helicase that, when mutated, results in genomic instability (69) and may be implicated in a role involving lagging strand synthesis. DHX9 is able to unwind noncanonical DNA structures such as triple helices, aberrant structures that induce double-stranded breaks and promote genomic rearrangements (30, 40) . By resolving these structures, DHX9 aids in maintaining genomic stability. DHX9 has been shown to interact with Ku86, an essential protein in NHEJ-mediated DNA repair that has more recently been implicated in promoting nascent DNA synthesis at origins of replication (60) . It is quite possible that DHX9 and Ku86 may act in concert at the origins of replication. In addition, because DHX9 is a multifunctional protein, some of its other functions may contribute to the senescence phenotype. In particular, transcription-related activities of DHX9 could play a role in up-regulating genes involved in cell cycle arrest or down-regulating genes involved in growth and cell cycle progression. DHX9's involvement in miRNA and translational regulation may also contribute. For example, DHX9 has been found to associate with both the insulin-like growth factor 2 (IGF2) mRNA and miR-483-5p, an miRNA that enhances transcription of IGF2; DHX9 promotes the miR-483-5p-mediated induction of IGF2 mRNA (70) . IGF2, which plays an essential role in growth and development, has been shown to be involved in senescence, along with other proteins in the IGF signaling pathway (71, 72) .
Our results present DHX9 as a somewhat unique agent whose suppression leads to premature senescence. In most cases where the p53 pathway is activated, senescence is accompanied by the presence of DNA damage and involves activation of the DNA damage response (73) . This is obviously the case for premature senescence caused by DNA-damaging agents such as etoposide or IR. It has also been shown that oncogene-induced senescence is a consequence of a DNA damage response triggered by DNA hyper-replication. Di Micco et al. (74) demonstrated that Ras-induced senescence resulted in accumulation of DNA breaks and activation of an ATR-dependent DNA damage response. Replicative senescence occurs when erosion of telomeres activates the DNA damage response (4, 59, 75) . DHX9-induced senescence, however, appears to occur in the absence of DNA damage. Instead, this particular type of premature senescence is brought on by a defect in replication, which triggers a stress-response program. It has previously been demonstrated that inhibition of replication upon suppression of the DHX9 interaction partner Ku86 results in growth arrest in the absence of markers of DNA damage (60) . Hence, it is conceivable that inhibition of DNA replication in general may represent a DNA damage-independent mechanism of causing growth arrest and premature senescence. In conclusion, our data have uncovered a novel role for DHX9 in replication and senescence and contributes to an increased understanding of the biological function of this multifaceted helicase. FIGURE 11 . Model highlighting the mechanism by which DHX9 suppression leads to senescence. Under normal cellular conditions, DHX9 facilitates DNA replication at origins of replication. Loss of DHX9 leads to inhibition of DNA replication at origins of replication. This results in a defect in downstream recruitment of factors onto chromatin, which activates a p53 stress response leading to transcriptional activation of p21. Activation of p21 inhibits downstream CDKs and prevents RB1 phosphorylation, which inhibits E2F and blocks transcription of genes required for proliferation. Additionally, p21 may affect cell cycle arrest independent of RB1. Genes involved in DNA replication, cell cycle progression, and mitosis are down-regulated upon DHX9 knockdown, contributing to the growth arrest (see "Discussion" for details).
